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H I G H L I G H T S
• Single and two photon photodissociation of gas phase nitric acid at 248 and 193 nm.
• Three emissions from excited products have been identiﬁed spectroscopically.
• Nitric acid can be quantiﬁed based on the intensity of these emissions.
• Established a unique detection method for the future study of nitric acid kinetics.
A B S T R A C T
Previous laboratory investigations have predominantly relied on UV absorption measurement of [HNO3]. Whilst direct, this measurement is diﬃcult at
temperatures< 298 K, where heterogeneous loss to cold surfaces is signiﬁcant. Single and two photon photodissociation of HNO3 was studied in N2 and He at 193
and 248 nm, and a unique HNO3 detection method was established using two photons at 248 nm, with good reproducibility and limit of detection (∼1.25×1014
cm−3). Emissions from excited products have been identiﬁed spectroscopically, over a range of pressures and laser energies to support the HNO3 quantiﬁcation
method.
1. Introduction
Nitric acid (HNO3) is an important atmospheric species that plays a
key role in determining the production and destruction of O3 by con-
trolling the balance of NOx (=NO+NO2) and HOx (=OH+HO2) ra-
dicals in the upper troposphere/lower stratosphere. Produced primarily
through the reaction of OH+NO2, HNO3 acts as a reservoir for higher
oxides of nitrogen (NOy) removing NO2 and forming nitrate radicals via
reaction with OH, OH+HNO3→H2O+NO3. The reaction of HNO3
with OH has been shown to be very important for governing the balance
of NOx/NOy.
In kinetics experiments, as well as in the ﬁeld, characterization of
accurate HNO3 concentrations is important. Previous laboratory in-
vestigations into the temperature and pressure dependent rate coeﬃ-
cient for the OH+HNO3 reaction have predominantly relied on the UV
absorption measurement of [HNO3], e.g. [17,4,15,3]. Whilst direct, the
absorption measurement is diﬃcult at temperatures < 298 K where
heterogeneous loss of the HNO3 to the cold reactor surfaces can become
signiﬁcant. Uptake of HNO3 can lead to concentration gradients across
an in-situ measurement axis, and overall loss of HNO3 for an ex-situ
absorption axis. Therefore, both methods could underestimate [HNO3]
and ultimately overestimate the OH+HNO3 rate coeﬃcient. Utilizing
a detection method that probes the HNO3 in the reaction zone would
therefore be beneﬁcial for the continued study of this important reac-
tion.
Previously, Photolysis Induced Fluorescence (PIF) has been used as
an indirect method to measure HNO3 [8], whereby photolytic genera-
tion of exited state products results in radiative decay to their ground
state. The photodissociation chemistry of nitric acid is complex and has
received considerable attention in the literature, both experimental and
theoretical. Depending on the wavelength of the excitation, several
dissociation pathways are available:
HNO3+ hv → OH(X2Π) + NO2(X2A1)ΔHo= 200 kJ mol−1 (598 nm)
(1)
→OH(X2Π) + NO2(12B2)ΔHo = 315 kJ mol−1 (380 nm) (2)
→O(1D) + HONO(X1A′)ΔHo = 490 kJ mol−1 (244 nm) (3)
→O(3P + HONO(a3A″)ΔHo = 550 kJ mol−1 (218 nm) (4)
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T
→O(3P) + HONO(X1A)ΔHo = 300 kJ mol−1 (399 nm) (3)
Low energy photolysis (> 280 nm) yields predominantly OH+NO2,
and high energy photolysis (< 260 nm) produces a combination of
O+HONO and OH+NO2 products [16,12,10,7]. Theoretical photo-
dissociation pathways for the four lowest electronic singlet states (S0,
S1, S2 and S3) support experimental quantum yield observations and
have provided a useful insight into the energetically favored branching
pathways for this complicated system [1,19].
Kenner et al. [8] investigated the two-photon pumping of HNO3
using 193 nm light from two excimer lasers. Intense emissions around
308 nm were observed, and a new method of HNO3 ﬁeld measurements
was proposed. More recently, used the two photon photolysis of HNO3
at 193 nm to accurately measure [HNO3] in a series of OH+HNO3
kinetics experiments. conducted a three laser experiment: 248 nm to
initiate the OH chemistry, 193 nm to probe [HNO3] (with a focused
beam) and 282 nm to probe the OH radicals. Based on the initial ex-
periments of Kenner et al. [8], we have investigated the single and two-
photon pumping of HNO3 at 248 nm for the quantiﬁcation of HNO3. By
utilizing a single 248 nm excimer laser, we have reduced the complexity
of the apparatus used for the study of chemical kinetics of OH+HNO3
[18]. In this paper, we show the empirical calibration procedure for the
ﬂuorescence intensity observed from the two photon photolysis of
HNO3, measuring the [HNO3] using VUV absorption. To aid in the
analysis and characterization of the system, we have also conducted
some HNO3 photolysis experiments at 193 nm.
2. Experimental
The apparatus used in this study has been described previously by
Mollner et al. [9] and so only the modiﬁcations to the system will be
discussed here (diagram: Figure S1). The pulsed laser photolysis ap-
paratus is normally used in combination with Laser Induced Fluores-
cence (LIF) to track the kinetic proﬁle of OH radicals in a pseudo ﬁrst
order environment. Here, the LIF laser system was not used.
Mass ﬂow controllers (MKS) were used to control the ﬂow of gas
into the cell, and the desired bath gas pressure (50–750 Torr) was
maintained using an automated valve and pressure controller. Reaction
cell pressures were monitored using two pressure gauges (MKS, 10 and
1000 Torr) on the gas-outﬂow. Reactants were mixed with bath gas (N2
or He) in a 5-port glass manifold∼50 cm before entering the cell. Flow
rates were chosen so that the residence time in the photolysis region
was ∼50ms, ensuring a fresh sample of gas between each laser shot
from the photolysis laser (20 Hz Pulse Repetition Frequency).
Gas phase HNO3 was introduced into the cell by ﬂowing 3–100 sccm
of N2/He through a bubbler containing a 1:3 mixture of HONO2 (70% in
H2O) and H2SO4 (conc.). The bubbler was maintained at ∼200 Torr
total pressure across all experiments carried out over the pressure range
50–200 Torr, however was held at the same pressure as the reactor
(350–750 Torr) for pressures > 200 Torr.
2.1. Fluorescence detection
To examine the two photon photolysis of HNO3, the excimer laser
output was focused into the center of the reaction cell (UV-fused silica
plano-convex, f= 1000mm). Emissions were collected onto 3 diﬀerent
detectors: two photomultiplier tubes (PMT, PC25, Sens-Tech) and one
Intensiﬁed CCD (ICCD, PI-MAX Gen II). The ﬁrst PMT doubles as the LIF
PMT when the cell is being used in its primary conﬁguration – for the
study of OH radicals – perpendicular to the excimer beam and with a
310 ± 5 nm narrow bandpass ﬁlter positioned in-between two light
collection optics and a series of baﬄes to exclude scattered light. This
PMT was deployed to collect the UV emission from the excited photo-
dissociation products of the two photon HNO3 photolysis. The second
PMT and the ICCD were positioned in the same plane as the excimer
beam, at a 45° angle. Light collection optics were mounted internally by
ﬁxing lenses (f= 50mm) to the end of 1″ O.D. glass tubing using a
vacuum compatible epoxy adhesive (Torr-Seal). The opposite end of the
glass side arms were sealed using a 5mm thick 1″ UV fused silica
window, and were evacuated through a glass valve, to avoid unwanted
absorption or scattering of emitted light from ambient air in the optical
path.
Light collimated from the center of the cell was directed towards a
second PMT or imaged onto an ICCD. After passing through the glass
side arm, a set of baﬄes and a second lens (1″, f= 75mm), was used to
refocus the light onto the photocathode of the second PMT. The baﬄes
included a 650 ± 50 nm bandpass ﬁlter (Thorlabs), aimed at collecting
longer wavelength emissions from the single photon photolysis of
HNO3. Finally, light was directed into an Acton 300i spectrograph using
a lens (1″, f = 100mm, Thorlabs) and imaged onto the ICCD. Images
from the ICCD were integrated over 100 ns per laser shot (from t0) and
normalized to the instrument wavelength response curve. Spectra re-
corded in the UV region used an entrance slit width of 50 μm combined
with a 3600 g/mm grating, giving a spectral resolution of 0.08 nm.
Spectra recorded in the visible region used an entrance slit width of
100 μm combined with a 600 g/mm grating, giving a spectral resolution
of ∼1 nm.
2.2. HNO3 detection
HNO3 was detected using VUV absorption at 185 nm, ex-situ. The
absorption measurement cell had a diameter of 2.5 cm, 50 cm length,
sealed with Suprasil windows and was positioned after the ﬂuorescence
cell (see Figure S1).
The 185 nm output of an Hg-Ar penray lamp (LOT-Oriel) was used
in combination with three narrow-bandpass ﬁlters (LOT-Oriel,
(185 ± 10) nm (FWHM)) to exclude the longer wavelength emissions
from the Hg lamp. Light was detected using a photomultiplier tube
(PMT, LOT-Oriel).
The absorption cross-section for HNO3 at 185 nm, σ185 nm, has been
determined several times in the literature [2,17,4]. In a recent study,
used a meticulous approach to account for a variety of impurities (NO2,
NO3, N2O5 and H2O), measuring at two wavelengths simultaneously,
and ultimately found their value to agree within experimental error of
the previous studies. We therefore use the σ185 nm determined in the
study by (= (1.6 ± 0.1)× 10−17 cm2).
2.3. Excimer conditions
Nitric acid was photolyzed using the 193 and 248 nm output of an
excimer laser (LPX 120i, Lambda Physik) ﬁlled with ArF and KrF gas
mixtures respectively. The laser was operated in two modes: unfocussed
(single photon) and focused (two photon). The excimer beam was fo-
cused into the center of the reactor for the two photon mode, using a
f= 1000mm UV fused silica lens in a ﬂip-mount.
3. Results and discussion
3.1. Single photon photolysis
3.1.1. 248 nm excitation
Fig. 1 shows the measured emission spectrum between 350 and
800 nm measured at 50 Torr N2, [HNO3]∼ 2×1015 cm−3, averaged
over 10,000 laser shots and using an unfocused excimer beam (180mJ)
at 248 nm. Possible 2nd and 3rd order grating diﬀraction emissions
were removed using a longpass ﬁlter (Schott GG-400) placed before the
spectrograph. This ﬁlter blocks any emission below 400 nm. Using a
PMT/ ﬁlter combination (650 ± 50 nm), the intensity of the emission
was observed to be linear as a function of laser power, indicating a
single photon photolysis process (Fig. 2a). The emission intensity was
also observed to increase linearly with respect to [HNO3] (see supple-
ment Figure S2). Above 350 Torr it was diﬃcult to discriminate
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between NO2 emission and background scattered light as a result of
poor signal to noise. The HNO3 ﬂuorescence has a fast decay
(< 100 ns), faster than the minimum time resolution of our collection
apparatus, thus it was not possible to measure the decay lifetime as a
function of pressure or [HNO3].
The broad, featureless emission at wavelengths > 400 nm (Fig. 1)
is likely emission from NO2(1B2), formed on the S2 surface of the HNO3.
Sinha et al. [14] reported chemiluminescence when exciting HNO3 with
a single photon at 260 nm, which they assigned to an excited state of
NO2. Emission from an excited state of NO2 is supported by the fact that
the emission occurs above the dissociation energy of NO2 (398 nm), and
the appearance is consistent with Derro et al. [5], who reported an
emission from an excited NO2 photofragment in the photodissociation
of nitrites. A recent computational study by Xiao et al. [19] showed
that, at 248 nm, the photodissociation of HNO3 leads almost exclusively
to the OH(X)+NO2(1B2) products on the S2 surface – in line with the
observations here.
For the purpose of HNO3 quantiﬁcation, however, the value of the
single photon PIF method at 248 nm is limited and was not used in the
further chemical kinetic study of OH+HNO3 [18]. The accurate
measurement of [HNO3] was only possible at pressures < 350 Torr,
whereas total pressures up to 750 Torr are required for the OH+HNO3
kinetic system. Additionally, the limit of detection (LOD:
1.7–7.0× 1014 cm−3 from 50 to 350 Torr) was above the desired
minimum concentration required ([HNO3]min∼ 1×1014 cm−3).
Therefore, for HNO3 quantiﬁcation we used two-photon PIF as de-
scribed below.
3.2. Two photon photolysis
3.2.1. 248 nm excitation
The emission spectrum between 306 and 313 nm for the 248 nm,
two photon initiated photolysis of HNO3 is shown in Fig. 3. The spec-
trum was collected at 50 Torr N2, [HNO3]∼ 2×1015 cm−3 and with a
focused excimer beam (120mJ). The emission required extensive
averaging (30000 laser shots per spectral window) to achieve the
signal-to-noise required for qualitative analysis of the spectrum, hence
only one region of interest was targeted.
The spectral features were identiﬁed OH(A→ X, v′ = 0, v″ = 0) at
∼309 nm with an approximate rotational temperature of 800 K. Using a
PMT connected to the spectrograph, intensities measured at both 226
and 309 nm were observed to have a squared dependence with laser
power (Fig. 2b), suggesting a two-photon photolysis process that pro-
duces both excited OH and NO species. Kenner et al. [8] also observed
Fig. 1. Emission spectrum observed from the single photon photolysis of HNO3
at 248 nm measured at 50 Torr N2, [HNO3]∼ 2×1015 cm−3 and an un-
focussed excimer beam (180mJ). Fluorescence spectrum is likely emission from
electronically excited NO2(1B2) produced on the S2 surface of HNO3. Scatter
from second order grating diﬀraction of the 248 nm excimer pulse was removed
∼496 nm.
Fig. 2. The integrated signal intensity at (a) 650 nm
and (b) 308 nm as a function of excimer laser
power; λEX= 248 nm, 2000 shots per point,
[HNO3]=1×1015 cm−3. (a) Unfocussed excimer
beam (single photon), data have been ﬁt with a
linear function; (b) Focused excimer beam (two
photon); ﬂuorescence sampled at (□) 308 nm and
(▲) 226 nm to target the OH (A→ X, v′= 0, v″ =
0) and NO (A→ X, v′ = 0, v″ = 0) ﬂuorescence
respectively; data have been ﬁt with a quadratic
function, y= y0+Ax2.
Fig. 3. Spectrum of the OH (A→ X, v′ = 0, v″ = 0) emission from the two
photon photolysis of HNO3 at 248 nm; 30,000 laser shots. Rotational tem-
perature ∼800 K.
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an emission at ∼308 nm from the two photon pumping of HNO3 at
248 nm, which they believed to be OH(A→ X).
It is possible that the observed emissions were due to the photolysis
of an impurity in the HNO3 sample used, e.g. NO2, however NO(A→ X)
or OH(A→ X) ﬂuorescence was not observed from the photolysis of
pure NO2 samples ([NO2]= 0.2–1.5×1015 cm−3). Additionally, the
absence of NO2 in the reaction cell was conﬁrmed using a 50 cm ex-situ
absorption cell coupled to a quartz halogen lamp and spectrograph with
CCD (Acton 300i and Princeton Instruments PIXIS 100). Based on the
[HNO3] produced during this test (∼1×1015 cm−3) and the NO2 limit
of detection of the apparatus (∼5×1012 cm−3), the NO2 impurity was
established to be< 1%, below the [NO2] used in the control experi-
ments.
The observation of OH(A→ X) and NO(A→ X) ﬂuorescence is
somewhat unexpected in this system when pumping HNO3 at 248 nm.
Using light at 193 nm, Kenner et al. [8] and hypothesized a channel to
OH(A→ X) through a bifurcated HNO3 S3 surface [11], leading to an
excited triplet HONO species; the HONO(a3A″) then absorbs a second
photon at 193 nm to produce OH(A). Additionally in Kenner et al. [8],
using two separate excimer lasers at 193 nm, the OH(A→ X) emission
intensity was observed to be dependent on the delay time between
pulses from the two lasers, suggesting the decay of an excited inter-
mediate species. However, the production of HONO(a3A″) is en-
ergetically unfavorable when pumping HNO3 at 248 nm, as excitation
to the S3 surface is not possible based on the current understanding of
the HNO3 potential energy surface [1,19].
The observed NO(A→ X) ﬂuorescence lifetime is long (∼25–100 μs)
when compared to the predicted lifetime (∼8 μs); calculated from the
upper limit quenching rate coeﬃcient at room temperature and
50 Torr N2 quoted in Settersten et al. [13]. This suggests an inter-
mediate production route, or forbidden transition, which is causing a
phosphorescence type process to occur. Unfortunately, it was not pos-
sible to elucidate whether an excited intermediate was present, as in
Kenner et al. [8], when pumping at 248 nm, as the present study was
limited to the use of a single excimer laser.
The temporal behavior of the ﬂuorescence was characterized as a
function of [HNO3] and [N2] using the PMT/optical ﬁlter setup
(310 ± 5 nm). The emission at 310 nm was shown to have a biexpo-
nential decay, as shown in Fig. 4. The initial fast component was at-
tributed to the combined laser scatter/saturation eﬀect of the PMT with
the OH(A) emission – a similar signal is observed at this time when
there is no HNO3 present in the apparatus. Several steps were taken to
reduce the background ﬂuorescence/scatter, however it was not pos-
sible to remove it entirely, and so a dependence of the early emission
intensity as a function of [HNO3] was not possible.
The longer lifetime emission could not be unequivocally identiﬁed
as a result of the poor signal to noise when using the spectrograph/ICCD
combination. However, on comparison with the 193 nm experiments
(Section 3.2.2), where the S/N ratio is signiﬁcantly improved, it is as-
sumed that the signal arises from multiple higher energy ro-vibrational
transitions in the NO(A→ X) band.
The longer emission lifetime was observed to decrease in proportion
to [HNO3] (Fig. 5). Whilst the emission decay rate as a function of
[HNO3] did not change signiﬁcantly as the total N2 pressure in the
system was adjusted (50–750 Torr), the intercept was found to decrease
with increasing pressure (8475–2944 s−1, see Figure S3). This change
in decay rate as a function of [HNO3] was used in our previous pub-
lication to characterize the [HNO3] for the OH+HNO3 reaction using
the LIF operating mode of the apparatus [18]. The LOD for this two
photon method was determined as ∼1.25× 1014 cm−3 across all
pressures (50–750 Torr), calculated from the minimum detectable
decay greater than the intercept value based on the uncertainty in the
decay rate vs [HNO3] plot (Fig. 5). The LOD is a signiﬁcant improve-
ment over the single photon detection method and the two photon
method has enabled studies at ambient pressures.
Regular measurements of the decay rate as a function of [HNO3]
were performed over a 6month period; 8 times in total. Limited
variability was observed in the decay rate dependence; e.g. at
200 Torr N2, a standard deviation of 6.3% (±2σ) was observed in the
ﬁtted linear regression coeﬃcients. This error is equal to the reported
error in the UV absorption cross section used to determine the [HNO3]
[6], a commonly accepted reliable analytical approach.
3.2.2. 193 nm excitation
To elucidate the origin of the observed ﬂuorescence signals in the
two-photon pumping of HNO3 at 248 nm, the emission spectrum was
measured using two-photon pumping at 193 nm. The emission signal
intensities were orders of magnitude greater in intensity than the
248 nm excitation case, allowing for a more extensive collection of
data. Measurements using the PMT/Filter combination at ∼308 nm
were not possible due to PMT saturation. Altering the number of ﬁlters
might have allowed the quantiﬁcation of HNO3 using this method,
however this would have lowered the OH LIF sensitivity of the instru-
ment required in the study of OH+HNO3, making OH kinetic mea-
surements increasingly diﬃcult. Thus, these measurements at 193 nm
serve only to help understand the nature of the HNO3 PIF system.
Fig. 4. Observed bi-exponential signal decay observed in the two-photon ex-
citation of HNO3 at 248 nm.
Fig. 5. Exponential decay ﬁt (bottom panel) to determine the NO (A→ X)
ﬂuorescence decay rate as a function of [HNO3] (top panel) from the two-
photon excitation of HNO3 at 248 nm. Data collected at 200 Torr N2, 298 K,
100 ns bin integration, 2000 laser shots at 20 Hz excimer repetition frequency.
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The emission spectrum was collected between 200 and 350 nm at
50 Torr N2, [HNO3]∼ 1.5× 1015 cm−3, averaged over 100 laser shots
and with a focused excimer beam. The NO(A→ X) and OH(A→ X)
emissions can be clearly identiﬁed; showing many of the same bands as
the 248 nm photolysis case, see Fig. 6. Intensities measured at both 226
and 309 nm were observed to have a squared dependence with laser
power at laser powers < 200 mW (Fig. 7). Above 200 mW, a saturation
eﬀect was observed and is discussed in more detail in the SOM. Emis-
sion intensities at 226 and 309 nm were observed to increase linearly
with HNO3 concentration (0.6–3.9×1015 cm−3, Figure S4). Further
experiments were conducted into the eﬀects of changing bath gas
pressure and collision partner (He and N2) on the emission energy level
population distributions, however the detailed analysis and discussion
of these data sets are beyond the scope of this letter. The datasets are
brieﬂy described in the SOM.
The possible interference of NO2 photolysis on the observed emis-
sions was investigated. The ro-vibrational distribution of states from
NO2 photolysis matched very closely with HNO3 case (Figure S5), and
the intensity of NO(A) from NO2 photolysis as a function of [NO2]
(0.2–1.5× 1015 cm−3) was greater than for HNO3. However, based on
the total [HNO3] used, and the expected ∼1% impurity of [NO2], the
NO(A) observed in the HNO3 photolysis case is unlikely from an NO2
impurity or production of NO2 followed by photolysis. Interestingly, OH
(A→ X) emission was observed in the NO2 photolysis experiments, the
intensity increasing proportionally to [NO2]; the source of this emission
is unknown (Figure S5). Additionally, OH(A→ X) and NO(A→ X)
emissions were observed in the “background” measurement before
HNO3 or NO2 were added to the system, indicating there was some
HNO3 diﬀusion from the cell surfaces into the bulk ﬂow.
Examining the longer lifetime emissions around 308 nm
(t0+ 500 ns), higher energy ro-vibrational NO(A) bands were observed
(Fig. 8). The observed NO(A→ X) emissions can be easily assigned and
we expect these to be the cause of the longer-lived emissions observed
in the 248 nm photolysis case.
Fig. 6. Spectrum of the NO(A→ X) and OH(A→ X) emissions from the 2-photon photolysis of HNO3 at 193 nm; 3000 laser shots.
Fig. 7. Integrated signal intensity measured at 308 nm, OH(A→ X, v′ = 0, v″ =
0), and 226 nm, NO(A→ X, v′ = 0, v″ = 0), from the two photon photolysis of
HNO3 as a function of excimer laser power; λEX=193 nm, 500 shots per point,
[HNO3]=1.5× 1015 cm−3. Integrated signal was measured using the
Spectrograph and ICCD. The excimer laser light was attenuated to achieve the
lower laser powers required to observe a quadratic dependence of signal in-
tensity with respect to laser power; data have been ﬁt with a quadratic function,
y= y0+Ax2.
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4. Conclusions
The single and two photon initiated photodissociation of HNO3 has
been studied in bulk ﬂows of N2 and He bath gases using both single
and two photons of 193 and 248 nm light. Extending the work by
Kenner et al. [8] and, three major emissions from excited photo-
dissociation products have been identiﬁed spectroscopically (NO(A),
OH(A), NO2(1B2)). The ﬂuorescence has been studied over a range of
pressures, [HNO3] and photolysis laser powers. The two photon pho-
tolysis work using 248 nm was extended to establish a unique method
to quantify HNO3 at the center of the LIF reaction cell. Utilizing the
emission decay rate as a function of [HNO3], the two photon photolysis
method was calibrated using an independent UV absorption measure-
ment of HNO3. The technique was found to be reproducible over a
6month period, and expands the possible 2-photon detection methods
already used in the literature for accurate quantiﬁcation of HNO3 in the
laboratory [8,6]. This method was ultimately used in our publication
into the kinetic determination of OH+HNO3 rate coeﬃcient [18].
Due to the complex nature of the emissions observed, the persistent
background emission signals and the additional laser required for the
OH+HNO3 kinetic experiments, the two-photon photolysis of HNO3 at
193 nm was not used to help quantify HNO3, but rather to help identify
longer lived emissions in the 308 nm region, which were used in the
quantiﬁcation procedure at 248 nm, establishing a unique method to
quantify HNO3 with good sensitivity and an ample limit of detection
(∼1.25× 1014 cm−3).
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